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The air spaces of the lung are coated by a thin film or liquid layer containing pulmonary surfactant composed of phospholipids (-90%) and various proteins (10%) that are secreted by type II epithelial cells lining the alveolar walls (21) . During breathing, this film periodically expands and contracts, resulting in a periodic variation in interfacial surfactant concentration and thereby surface tension. This variation in surface tension with lung volume stabilizes alveoli at low lung volumes and reduces the work of breathing (29) . The hysteresis evident in the surface tension-lung volume loops is a major contributor to the hysteresis in lung pressure-volume curves during total lung capacity maneuvers (26) .
To measure how surface tension varies as a function of pulmonary surfactant interfacial concentration, various instruments have been used to examine surfactant material from excised lungs in vitro. Among these are the Langmuir trough used with a Wilhelmy balance (E), the captive bubble apparatus (22), and the bubble surfactometer (5) . This last instrument consists of a chamber of liquid in which a nearly spherical bubble is formed at the end of a narrow tube and then the bubble volume is cycled sinusoidally with time. Knowledge of the bubble volume and the pressure difference across the bubble allows one to calculate the dynamic surface tension through the Laplace law. The bubble surfactometer has been employed extensively in studies of the dynamic characteristics of pulmonary surfactants.
An analytic study was undertaken by Horn and Davis (11) to consider how hysteresis evident in surface tension-surface area (7-A) loops for oscillating bubbles might be caused by 1) diffusion of surfactant between bulk and interface, 2) adsorption between bulk and interface, 3) viscoelastic behavior in the interface, and 4) viscoelastic behavior in the bulk. They concluded that hysteresis is due largely to viscoelasticity of the interface. However, although both diffusion and adsorption were considered as transfer mechanisms, no provision was made for "squeeze-out" phenomena or monolayer collapse at high interfacial concentrations (7). Moreover, these investigators did not allow for the variation of kinetic processes with interfacial concentration (26) .
Other than the study of Horn and Davis (ll), there has been no attempt to create a comprehensive model to explain the change in surface tension that occurs as lung surfactant or its analogues are cycled dynamically through area changes by the devices discussed above. Surfactant TA [Tokyo Tanabe, Tokyo (also known as Survanta, Ross Laboratories, Columbus, OH)] is a semisynthetic preparation widely used clinically to treat respiratory distress syndrome (RDS). We used a bubble surfactometer to determine how surface tension of films of surfactant TA varies as the film area is cycled at various rates and bulk concentrations.
A model was then developed to compare with the data generated, emphasizing the kinetic aspects of the process. This model allowed us to understand in greater detail the physicochemical behavior of surfactant TA in air-liquid interfaces and raised new questions that need to be addressed by further experiments.
MATERIALS AND METHODS
Surfactant TA was received as a suspension in normal saline (25 mg/ml; Ross Laboratories). Before each experiment, a fresh suspension was prepared by diluting the surfactant with 5 mM CaCl, (19) to concentrations between 0.0073 and 7.3 mg/ ml; all of these experiments were conducted with surfactant from a single lot. The suspension was carefully vortexed and sonicated on ice three times for 30 s (avoiding the formation of any foam on the surface).
A small set of experiments was conducted to ascertain whether dilution of the surfactant in saline (with 5 mM CaClJ would give different results than with 5 mM CaCl, alone. These were performed with a separate lot of surfactant TA but prepared in all other respects similarly. Bubble surfactometer. The y-A measurements were made using a pulsating bubble surfactometer (Electronetics, Amherst, NY). A small spherical bubble of air was formed at the lower end of a 0.4-mm capillary in a suspension containing the surfactant, and the bubble volume was then cycled so that the air-liquid interface area changed with time. Measurement of the bubble radius and the pressure difference across the bubble allows one to calculate the dynamic surface tension through the Laplace law. The variations in bubble volume are equal to the known piston displacement, and the initial bubble volume is measured through calibrated optics. The mean bubble diameter is on the order of 1 mm and remains nearly spherical for surface tension values down to a few dynes per centimeter (8, 25) .
The system was modified to allow access to the analog signals for pressure within the bubble and minimum radius as functions of time. These data were processed using data collection and analysis software (Labtech Notebook, Taunton, MA), an analog-to-digital converter (12-bit Dash-$, Metrabyte, Taunton, MA), and a personal computer (Compu-Add 8086 PC, Austin, TX). Calibrations of both the surfactometer and the computerized data collection system were performed daily using doubly distilled water. Static and dynamic controls with distilled water were carried out both before and after measurements. All experiments were conducted at 37°C.
Measurements of the equilibrium surface tension at bulk concentrations of 0.0073,0.073, and 0.73 mg/ml were made by forming a bubble of radius 0.4 mm, holding it constant at that size, and then measuring surface tension as a function of time until it reached a constant value.
Dynamic 7-A measurements were conducted at cycling rates ranging from 1 to 100 cyclesimin, varying the bubble radius from a minimum of 0.4 mm to a maximum (fixed for a particular experiment) of 0.53-0.59 mm. Analog transfilm pressure and radius signals were sampled at 100 Hz. Results represent stable stationary-state values (29, which are defined as when the shape of the y-A loops no longer changed from one cycle to the next; this state typically took -30 min to achieve. Once a stationary condition was reached, the variability in the y-A relationship from one loop to the next was small (usually 40%). The repeatability of the loops from one sample preparation to another showed greater variability with the hysteretic area of the y-A loop showing as much as a 33% variation and the minimum surface tension varying by as much as 5 dyn/cm; however, the overall pattern (see Fig. 4 , A-D) was always apparent.
Theoretical model. We assumed transport of the surfactant to the surface to be an adsorption-limited as opposed to a diffusion-limited process (see DISCUSSION) .
As such, the bulk suspension was considered to be well mixed at all times at a bulk concentration of C. The kinetics of adsorption and desorption were defined by three interfacial surfactant concentration (F) regimes ( Fig. 1 ): 1) I' less than the maximum equilibrium I?* [the limiting value of F reached as C is increased (y* is y of the film when I' = I'*)], 2) I? greater than this concentration but less than Fmax (the maximum dynamic concentration of surfactant obtainable on dynamic compression of the interface) and 3) r = rmax, hmi, is y of the film when r = I',,).
For the first regime with I? < I'*, adsorption to the bubble surface is assumed to follow Langmuir kinetics (1, 11) dM -= A[k,c(r* -r) -k2r] dt where t is time (in min), Iz, is the adsorption coefficient (in cm3 l g-l l min-l), kZ is the desorption coefficient (in min-'), A is the surface area of the bubble (in cm2), and 1M (which equals FA) is the amount of surfactant in the interface (in g). Note that Es. 1 predicts adsorption for interfacial concentration less than the equilibrium concentration (F,,) (between points G and B on loop in Fig. 1 (2) where Fea is the interfacial concentration of surfactant that is in equilibrium with a given C (ye, is y of the film when I' = I',). AS C + 00, I& + F* (the maximum equilibrium interfacial concentration of surfactant).
Inherent in Langmuir kinetics is the assumption that the interface consists of a given number of adsorption sites (defined by I'*) and that the adsorbed species interact with each site without any cooperativity. F* corresponds to a minimum equilibrium y (22.2 dyn/cm) determined by equilibrium measurements using the bubble surfactometer in the limit as C is increased.
In the second regime with I'* < r < I',,, the monolayer is --modeled as insoluble; i.e., it does not exchange surfactant material with the subphase. In this regime, F can change only because of changes in A; as A decreases, the concentration rises A* up to a maximum value of r = rmax.
In the third regime, when r reaches rmax, the surfactant molecules are packed as tightly as possible in the interface and I' can rise no higher. y reaches its minimum value here, and any further compression is taken to result in a loss (or squeezing out) of surfactant material into the bulk phase (7). These regimes have previously been described for dipalmitoylphosphatidylcholine and lung surfactant extract by Tchoreloff et al. (28) to be the liquid-expanded (I? < I'*), liquid-condensed (I'* < I' < I?,,), and solid (F = I?,,) (or collapsed monolayer) states.
As in the bubble surfactometer, the volume of the bubble (V) is modeled varying as v = Lean + AV sin (2mt + d2) (4) where V,,,, is the mean bubble volume, AV is the amplitude of the cyclic variation, and o is the oscillation frequency. A is then determined from the volume with the assumption of a spherical shape. Numerical simulation begins at t = 0 with V = maximum v = Km + AV) and an initial number of moles (No) Fig. 3) ; V, I'* < r < ITmax (determined from deflation phase of high-frequency dynamic loops using Eq. 3); solid line, best fit to this data determined by matching slopes at low r (I? < I'*) and high r (l? > I'*) and requiring these 2 lines to meet at r = I'* at minimum equilibrium surface tension. Also shown is 2nd isotherm (w) found using data from inflation phase (segment EH of Fig.  1 ) of 1 of high-frequency loops (0.073 mg/ml, 100 cycles/min), determined by again assuming surfactant to be insoluble and using Eq. 3.
= 10 dyn/cm; y(l'*) = y* = 22.2 dyn/cm.
tion is N&maximum A); on cycling, surfactant transport to or from the interface is defined by the three regimes described above. The results were not affected by the value chosen for N,, since the calculation was continued until a stationary condition was reached.
Time stepping was performed using a third-order AdamsBashforth technique. At each time step, the value of IX'* was determined: the form of the equations allowed us to determine this ratio without ever determining an absolute value of r. Thus, we did not determine r*. Because of the symmetry of the bubble, we took r and hence y to be uniform over its entire surface, noting, however, that the presence of the needle would introduce some artifact in the experiment not mimicked in the model.
Isotherm wed to find y. Once the interfacial surfactant concentration (I'D'*) as a function of time is obtained, y is taken to be a function of I' as y = y* f(rir*)
The isotherm f (Fig. 2) is found in two steps. For l' < I'*, Eq. 1
can be solved at steady state, yielding Eq. 2. Because the equilibrium y is known as a function of C, the isotherm can be determined once k, and k, are determined from the dynamic data. For I'* < l? < rmax (2nd regime), pooled data from the dynamic experiments with a frequency of 100 min-' (the highest frequency tested) are used: because the surfactant is assumed insoluble in this regime, Eq. 3 is used to calculate I' as a function of A during the deflation phase of the cycle (segment CD).
Using the isotherm, model computations were then performed to explore the K,-k, parameter space, and the K, and kz values that best matched the experimental data were determined. In practice, it was found that the model predictions were insensitive to the value of k, at higher C and thus k, was determined from the higher C data (0.073-7.3 mg/ml) by visually picking the best match to the shape of the loops. To find the best value for k+, the data at a low C (0.0073 mg/ml) were used, finding the ratio of k,C to b, which gave the best match to the lowest y measured on these loops. In practice, iz, and k, were varied until changes in their values yielded changes in the shape of the y-A loops and the minimum y that were smaller than the intrinsic differences between the model and the data. This led to an uncertaintv in 12, and k, of -25%.
Because the isotherm, which depends on k, and b, was required to generate the loops from which k, and k2 themselves were determined, the process used to find the optimal values that matched the data was necessarily iterative. We began the iteration process by picking an isotherm from the literature (22) and then varying k, and k, as described above to find the optimum values for a given isotherm. However, our results were sensitive to only the average slope of the isotherm and not to its particular shape.
RESULTS
Equilibrium surface tension. The results of these tests are shown in Fig. 3 . The curves for different bulk concentrations of surfactant TA each begin at a relatively high surface tension and then drop to their equilibrium values. The time scale for the drop in surface tension varied with concentration and is on the order of many seconds to minutes. This time scale characterizes the diffusional nature of this static measurement (see DISCUSSION).
Figure 3 demonstrates that the equilibrium surface tension changes as the concentration of surfactant TA is changed. These data are used to generate the isotherm relating interfacial concentration of surfactant to surface tension (see below).
Dynamic tests. Figure 4 , A-D, illustrates typical examples of the loops obtained by plotting y vs. A for surfactant TA. The data for a variety of bulk concentrations, frequencies, and area ratios clearly demonstrate that, for sufficiently high bulk concentration of surfactant (Fig. 4 , A and B), a minimum surface tension is reached that remains approximately constant as interfacial area decreases, which is consistent with previous observations (10, 24, 28) . In some cases, however, a slight upward drift appears in surface tension once the minimum value has been reached (Fig. 4 , B and C). Also apparent are some random fluctuations in surface tension in this region of relatively constant surface tension that may correspond to the "clicking" described by Schiirch (22); these are especially obvious at lower frequencies and higher bulk concentrations.
Frequency has several effects on the shape of the loops, which are most apparent at the higher bulk concentrations (Fig. 4, A-C) . First, as the cycling rate increases, so does the maximum surface tension attained. Second, at lower concentration, the area at which the minimum surface tension is first reached during interfacial compression decreases with increasing cycling rate (Fig. 4C) . Third, and perhaps most interesting, is the finding that dyldA at the start of surface expansion (i.e., the slope of segment EF) is independent of cycling rate and generally exceeds dy/dA at the early stages of area contraction (slope of segment CD). These observations, in part, formed the basis for the model formulation.
Whereas the loops at higher bulk concentrations (Fig.  4, A and B) all exhibited a plateau of minimum surface tension consistent with monolayer collapse and considerable hysteresis, this behavior was not apparent at the lowest concentration examined (Fig. 40) . Instead, there was little hysteresis and the lowest surface tension, which occurred at the minimum interfacial area only, was higher than that observed at higher bulk concentrations. There was also relatively little frequency dependence in the low concentration result.
No significant difference was found between loops whether saline (with 5 mM CaCl,) or 5 mM CaC1, alone was used to dilute the surfactant in the bulk phase (Fig.  5) , which is in agreement with the results of other investigators (9).
Theoretical results. The results from the model can be cast in terms of two governing dimensionless parameters, k,lk,C, the relative importance of desorption to adsorption, and k,Clw, the adsorption time scale relative to cycle time. In presenting the results, it is useful (although not necessary) to introduce a third parameter, Iz,lo (desorption time scale relative to cycle time). Figure 6A shows the stationary-state loops predicted by the model of surface tension as a function of area for varying values of the parameter k,Ik,C while holding k&lo at a relatively low value. Increasing k,lk,C causes a concomitant increase in the lowest surface tension during a cycle. Figure 6B shows the stationary-state loops for varying values of the parameter k,Clw while holding k,lw at a relatively low value. Increasing k,Clw leads to greater hysteresis in the loops; as in the experimental data (Fig. 4 , A-D), the hysteresis is largest for the smallest frequency and the largest bulk concentration.
The model predictions were compared with experimental data. Data at a low concentration (Fig. 40) were used to determine the value of k,Ik,C by using figures like Fig.  6A . Data at the higher bulk concentrations (which are relatively insensitive to the value of k2) were used to determine k,Clw (in the fashion shown in Fig. 6B ). Comparison of the model results with the experimental data yields k, = lo5 cm3 l g-l l min-' and k, = 1 min-' for surfactant TA. Figure 4 , E-H, shows predictions of the model for surface tension with these best estimates for k, and k, using the isotherm (solid line) shown in Fig. 2 . The model is able to correctly describe most of the features shown in the experimental loops. First, the model correctly predicts the overall shape of the loops and the changes in loop shape with bulk concentration (although the model underpredicts the maximum surface tension for all loops). The model also mimics the experimental observation that d+A at the start of surface expansion (i.e., the slope of segment EF) is independent of cycling rate and exceeds dyldA during the early stages of area contraction. This follows directly from the model formulation because each cycle begins at point E with the same surface tension and interfacial area, and because desorption does not occur until surface tension is higher than the minimum equilibrium value, the cycling frequency will have no effect until the first regime is reached.
The model also correctly predicts that for the lower bulk concentrations (Fig. 4, G and H) hysteresis in the loops is decreased and no longer is a plateau region of constant surface tension achieved (Fig. 4H) . k, was most important for demonstrating the latter behavior. The model further correctly predicted that at lower bulk concentrations (Fig. 4G ) the area at which the minimum surface tension is reached decreases as frequency increases. This phenomenon is controlled by the parameter k,CIo and thus is not seen for the higher bulk concentrations.
The result for the minimum surface tension achieved on the plateau for the higher bulk concentrations was qualitatively correct, but the actual minimum surface tension achieved was different from one experiment to another. Because the model uses a single isotherm to characterize all of the loops, this behavior could not be recovered.
Isotherm relating interfacial surfactant concentration to surface tension. The iterative procedure of finding an isotherm and then determining k, and k2 yielded the values for the parameters given above and the isotherm shown in Fig. 2 . Also shown on Fig. 2 is a second isotherm found using data from the inflation phase of one of the highfrequency loops. Substantial differences between these two isotherms are apparent. A possible explanation for this difference is given in DISCUSSION.
DISCUSSION
This study has involved an examination of the dynamic behavior of surfactant TA under a variety of frequencies at differing bulk concentrations. Using a simple analytic model that accounts for surfactant dynamic adsorption and desorption and for squeeze-out, we can generate loops of surface tension as a function of interfacial area that show good agreement with dynamic data from a bubble surfactometer.
Many experimental investigations have been conducted to determine the effects of dynamic compression on surface tension of lung surfactants and their analogues (e.g., Refs. 6, 14, 20, 23, 25, 28) . However, no model was proposed in these studies to explain the mechanism for the dynamic changes in surface tension observed. In our studies, we used a theoretical model to analyze similar data, under a variety of experimental conditions, with the goal of better understanding the process by which surfactant molecules enter and leave the interface.
We modeled surfactant TA as a single component entering and leaving the interface as a function of interfacial surfactant concentration. Surfactant TA has several constituents, however, and there is surely differential squeeze-out of these different components (3, 10) . In addition, there may be interactions between the different species that affect adsorption and desorption during this cyclic process. Nonetheless, this simple model gives good agreement with the experimental data, suggesting that the most important and relevant processes are captured by this simulation.
Modeling of the conditions for surfactant adsorption and desorption at the interface led us to adopt several assumptions to optimize the fit to the experimental data. These assumptions include I) there exists a maximum surfactant concentration to which the interface can be dynamically packed, and when interfacial area is reduced from this point, surfactant is squeezed out from the surface; 2) transport of surfactant to the interface is adsorption rather than diffusion limited; 3) when the interfacial concentration of surfactant is less than its maximum equilibrium value (I'*), adsorption and desorption are controlled by Langmuir kinetics; and 4) for interfacial surfactant concent rations between the maximum equi lb irium value and the maximum pack ing concentration, the surfactant is "frozen" in the surface and can neither adsorb nor desorb. Support for each of these assumptions and/or findings is given below.
The experimental data clearly demonstrate that, when the interfacial film is compressed beyond a certain point, surface tension remains nearly constant as interfacial area is further reduced (high film compressibility) (10). Tchoreloff et al. (28) found a similar result for lung surfactant extract, attributing the phenomenon to squeezeout of the interfacial material that they quantified by measuring the changes in loop shape for the first few cyclic compressions (using a Langmuir-type film balante). Furthermore, using a Langmuir-Blodgett technique, they demonstrated th .at following this squeeze-out a sublayer of surfactant is face.
formed just beneath the interIn this study we assumed that the transport of surfactant molecules to the interface is adsorption limited. In fact, a diffusional boundary layer of thickness (D/o)~'~ (where D is the surfactant bulk diffusion coefficient) will develop at the interface. Transport through this boundary layer is complex, involving unsteady transport, micellar formation and diffusion, and solubility limitations (13). Whereas further studies will be necessary to characterize t ransport though thi .s boun .dary layer, the success of our adsorption-limited model in describing the frequency dependence and bulk concentration dependence of the 7-A loops suggests that the process is not diffusion limited.
We believe the loops generated during cycling are adsorption limited because of the material that is squeezed out of the interface (28) during compression of this layer. This depot of surfactant just below the interface may be supplying molecules to the surface during adsorption and receiving surfactant l during squeeze-out. Thus, after a transient equilibration period (the length of which wou .ld be diffusion limited) during which this subsurface layer is formed, there would be no diffusive barrier to adsorption because all of the molecules are immediately available to the interface. Our current model does not yet explicitly account for this subsurface depot of surfac tant other than our assumption that there does not exist a diffusive barrier to adsorption. This is also consistent with our assumption that in the third regime during squeeze-out the surfactant lost from the interface is immediately well mixed with the bulk.
It should be noted here that we are emphasizing the time scale controlling adsorption during cyclic volume changes. The time scale for adsorption in our dynamic model varies as I lk,C (see Eq. I). For measurements of surface tension in which a fixed interfacial area is created and then surface tension monitored as a function of time, one wo uld expect transient diffusional time sc ales to be much more important because mol .ecules must be DYNAMIC BEHAVIOR OF SURFACTANT TA 2687 brought from the bulk to first saturate the interface. In this case, the time scale would vary as (I', lC)2/D (12). This is borne out by the data in Fig. 3 , which shows time scales on the order of many minutes for saturation of the interface, and is further substantiated by data from other investigators (23) demonstrating that the equilibration time scales roughly as 1/C2. The third and fourth assumptions are related, as these describe the nature of the adsorption and desorption processes. For interfacial concentrations less than the maximum equilibrium value, we assume that the dynamics of adsorption and desorption are controlled by Eq. 1. This is the simplest dynamic equation consistent with the Langmuir isotherm (2) . We have assumed here that k, and k2 are not a function of bulk or interfacial surfactant concentration.
There is, in fact, data to the contrary showing that k, decreases as the interfacial concentration of surfactant increases (27) . We made the simplifying assumption that k, and k, are constant below the maximum equilibrium interfacial concentration, whereas above this concentration they drop to zero. This is obviously a coarse approximation, but as it seems to describe the available data reasonably well, it would be difficult to justify a more complicated adsorptive-desorptive model.
Goerke and Clements (7) add support to this approximation when they point out that for surface tension >25 dyn/cm interfacial relaxation toward equilibrium occurs very rapidly (in s), whereas for surface tension lower than this the relaxation process is very slow (in h); they add that spontaneous adsorption occurs only for surface tension >25 dyn/cm. In addition, Smith and Stamenovic (26) performed experiments on excised canine lungs comparing pressure-volume curves from lobes with constant-surface tension liquids lining the air spaces with those obtained from normal lobes. The results from stepwise expiration and inspiration indicate that sorption occurs much more rapidly when surface tension of the lining layer is above the equilibrium value (-28 dyn/cm) than when it is below this value.
The experimental results and the results from matching our model to these data led to a number of conclusions. First, as noted by other investigators (10, 24, 28) , there is a nonzero minimum surface tension that is not lowered on further compression of the surface (within the range of compressions considered in these experiments). This observation is attributable to a phase change of the surface film from the liquid-condensed state to a solid state (28) , and as the interfacial area of the surface is further lowered, squeeze-out of surfactant results. Notably, this phenomenon was not seen for a surfactant concentration of 0.0073 mg/ml. From our model, we find that for a concentration higher than -0.030 mg/ml there is a balance over each cycle between adsorption [ k,C( I'* -I') in Eq. l] and squeeze-out; however, for bulk concentrations below this value we find the balance now exists between adsorption and desorption (k21' in Eq. 1).
The model effectively described the shape of the 7-A loops, showing the largest hysteresis at the smallest frequencies and the largest bulk concentrations. The model successfully predicts the sharp increase in surface tension that occurs on reinflation (segment EF). Notably, we did not have to assume during the earlv stages of exnansion any lack of respreading (17, 28) of the surfactant or cracking apart to form condensed "ice floes" and stretches of "open sea" (7). Instead, the sharp increase in surface tension was found to be a consequence of squeeze-out, decreasing the available surfactant, and the steep increase in surface area A that occurs at the low interfacial areas at which inflation begins.
One of the very important experimental observations of our study was the lack of frequency dependence exhibited by the rate of increase in surface tension early in expansion (segment EF). To our knowledge, this phenomenon has not been reported by other investigators. One would expect that when interfacial concentration is maximum (along and near segment DE) viscous effects in the interface, proportional to the product of surface viscosity (8) and frequency, would be most apparent. Because this was not seen experimentally, it follows that surface viscosity is unlikely to play a significant role in the dynamics of the surfactant TA? Our model indicates that this frequency-independent behavior follows directly from the assumption of an insoluble monolayer (neither adsorbing nor desorbing) for interfacial concentrations greater than r* but less than rmru: if adsorption started at the onset of expansion (point E) , then the slope of segment EF would increase with decreasing frequency.
A weakness in the analytic model was found on closer examination of the isotherm relating surface tension to surfactant interfacial concentration. Whereas the distribution of surfactant in the air-liquid interface should become uniform during deflation, substantial inhomogeneities may develop during inflation because of cracking of the surfactant layer and the formation of islands of surfactant material on the interface (7); this may significantly affect the relationship between interfacial surfactant concentration and surface tension in this nonequilibrium state. As discussed in MATERIALS AND METHODS and in RESULTS, two different techniques were used to determine the isotherm; the first, using the result from the equilibrium surface tension measurements and dynamic data from the deflation phase of the loops, assumes that the surfactant is uniformly spread in the interface; the second technique, assuming that negligible amounts of surfactant enter or leave the interface during inflation at higher frequency, does not require such an assumption.
As shown in Fig. 2 , for I' < I'*, we found that the two techniques described for determining the isotherm gave different results. This suggests that whereas squeeze out plays an important role in determining surfactant hysteresis, cracking of the surfactant layer may also be a major contributor to the hysteresis. Although the evidence is indirect, this is the likely explanation for the underprediction by the model of the maximum surface tension reached in all of the experimental loops. ' Hall et al. (8) showed that the effects of dilatational surface viscosity are strictly zero when the bubble is at minimum radius (point E). However, because the surface viscosity itself (assumed constant by Hall et al.) is maximal in the neighborhood of point E and because no frequency dependence is seen along segment EF (nor, for that matter, along segment DE), this suggests that because the effects of surface viscosity are not manifest in these regions they are unlikely to have significant effects elsewhere in the cycle. Edwards et al. (4) commented on the difficulty of distinguishing dilatational viscosity from compositional elastic effects without a surfactant transport model like that described in the present work.
One potential artifact of the experiments is the loss of surfactant by leakage into the attached tube that pierces the bubble. If the tube is an escape route, then surfactant may be lost when the film is highly compressed and the measured surface tension would be higher than if the bubble were completely isolated. No provision in our model was made to account for this phenomenon. However, because our measurements were made at a periodic stationary state and 1) there did not appear to be greater discrepancies between the experimental data and the model at the different frequencies and 2) the experimental data were relatively rate independent along the minimum surface tension plateau (segment DE), leakage does not appear to have a significant role unless it occurred on a time scale much less than that corresponding to our maximum cycling rate.
Previous studies have characterized lung surfactant and their analogues in terms of the rate of adsorption of surfactant to a static constant-area interface (6, 16, 18, 23) . Although this provides valuable information on how long it will take for the surfactant to first be adsorbed into an interface (which may be critical in the delivery of surfactant to preterm infants with RDS), it fails to describe the periodic and dynamic process that a surfactant undergoes during normal breathing. Our model suggests that the dynamic properties of natural and artificial lung surfactants can be characterized in terms of three properties: 1) the isotherm relating interfacial concentration (I') to surface tension, 2) dynamic adsorption rate (Fz,), and 3) dynamic desorption rate (Iz,).
Ymin and y* have been determined for a wide variety of lung surfactants and their analogues. However, k, and k2 are new parameters that have not been characterized for other lung surfactant preparations.
These parameters are very important for determining the rate of increase in surface tension on reinflation, loop hysteresis, and extent of squeeze-out. Slama et al. (25) and Notter et al. (17) have suggested that these lung surfactant characteristics might also be important for normal lung functions including alveolar recruitment and uniform ventilation. Characterization of these dynamic parameters may lead to better artificial surfactant preparations for the treatment of RDS.
